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Available online 17 November 2015A low-salt (LS) diet during pregnancy has been linked to insulin resistance in adult offspring, at least in the
experimental setting. However, it remains unclear if this effect is due to salt restriction during early or late
pregnancy. To better understand this phenomenon, 12-week-old female Wistar rats were fed a LS or normal-
salt (NS) diet during gestation or a LS diet during either theﬁrst (LS10) or second (LS20) half of gestation. Glucose
tolerance test, HOMA-IR, gene expression analysis and DNA methylation measurements were conducted for
the Insr, Igf1, Igf1r, Ins1 and Ins2 genes in the livers of neonates and in the liver, white adipose tissue and muscle
of 20-week-old male offspring. Birth weight was lower in the LS20 and LS animals compared with the NS and
LS10 rats. In the liver, the Igf1 levels in the LS10, LS20 and LS neonateswere lower than those in the NS neonates.
Methylation of the Insr, Igf1r, Ins1 and Ins2 genes was inﬂuenced in a variable manner by low salt intake during
pregnancy. Increased liver Igf1methylation was observed in the LS and LS20 neonates compared with their NS
and LS10 counterparts. Glucose intolerance was observed in adult offspring as an effect of low salt intake over
the duration of pregnancy. Compared to the NS animals, the HOMA-IR was higher in the 12-week-old LS and
20-week-old LS-10 rats. Based on these results, it appears that the reason a LS diet during pregnancy induces a
low birth weight is its negative correlation with Igf1 DNA methylation in neonates.
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ol of Medicine, Av. Dr. Arnaldo,systems. This phenomenon is called “programming” and can be evalu-
ated by several experimental protocols in laboratory animals [1].
A previous study from our group demonstrated that the intake of a
low-salt diet during the perinatal period induces a low birth weight in
males and females and insulin resistance, elevated plasma cholesterol
and triglycerides in adult male offspring. Insulin resistance was also
detected in themothers [2], suggesting a possiblemechanism of pheno-
typic transmission. The mechanisms responsible for the insulin resis-
tance in the offspring and in the mothers that received a low sodium
diet during the perinatal period have not yet been elucidated. In some
studies, low-salt diets were offered to the animals prior to pregnancy
until the end of lactation or only during pregnancy [2–5]. It remains un-
clear when during the perinatal period a low-salt diet leads to adverse
biological consequences in the offspring.
It is known that the main factors responsible for fetal growth are
type 1 insulin-like growth factor (IGF1), type 2 insulin-like growth fac-
tor (IGF2) and insulin [6]. IGF2 is constitutively expressed [7,8]. IGF1
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essential for fetal growth and development [9]. The regulation of IGF1
secretion and prenatal growth is performed by the glucose–insulin–
IGF1 axis. The placenta transfers glucose to the fetus, which stimulates
the secretion of insulin and determines the fetal secretion of IGF1. Insu-
lin also promotes fetal growth via its lipogenic effect that is independent
of IGF1 or via the direct stimulation of IGF1 [8,10]. It is also known that
the members of the IGF family contribute to pancreatic growth and dif-
ferentiation [11]. Based on the above information, IGF1, IGF2 and insulin
are good candidates for factors that may help explain the delay in fetal
growth in response to alterations in fetal programming.
Increasing evidence supports a role for epigenetic mechanisms in
explaining how such prenatal factors, including suboptimal nutrition
during pregnancy, inﬂuence alterations early or late in postnatal life
[12,13,14]. One example for epigenetic regulation is DNA methylation
[15]. Prenatal and early postnatal factors have been linked to phenotypic
changes later in life by alterations in epigenetic markers, which have a
central role in determining the functional information that is stored in
the genome [15]. Epigenetic alterations play a fundamental role in
gene expression, particularly during embryogenesis. The consumption
of a low sodium diet during pregnancy may produce different changes
in the glucose and insulin metabolism of the offspring depending on
the period in which it is consumed. This is based on the knowledge
that, at least in mice, pancreatic embryogenesis begins on day 8 of ges-
tation and continues up to 2 to 3 weeks after birth [11]. It remains un-
clear when during prenatal and early postnatal life a low-salt diet
induces functional alterations in the offspring. A question that is raised
is if the timing of the insult during the perinatal period is linked with
the type of alterations observed in the offspring.
To identify the molecular events that link fetal programming with
the resulting offspring phenotypes, we tested the hypothesis that ma-
ternal sodium restriction alters the methylation pattern of genes linked
to glucose and insulinmetabolism in the offspring and is correlatedwith
the regulation of gene expression and offspring phenotype. This study
also tested the hypothesis that growth factors, such as IGF1, are linked
with alterations in birth weight induced by low salt intake during preg-
nancy. This study also led to the identiﬁcation of critical periods during
pregnancy, duringwhich low salt intake produces metabolic alterations
in the offspring.
2. Methods
All experiments were approved by the Committee on Ethics of
the University of São Paulo School of Medicine, Brazil (certiﬁcate num-
ber 0949/09).
2.1. Maternal groups
All animals were housed in a room with a controlled temperature
(22–24 °C) and a 12-h light/dark cycle (with the lights on from 7 AM
to 7 PM). They were given free access to food and water. Twelve-
week-old femaleWistar rats (n=8–14/group)were housed individual-
ly and were mated with male Wistar rats. The positive identiﬁcation of
spermatozoids in the vaginal smear marked day 1 of pregnancy. The
pregnant rats were divided in four groups: [1] those fed a low-salt (LS,
0.15%) diet from gestational day 1 to delivery, [2] those fed a normal-
salt (NS, 1.3% NaCl) diet (Harlan Teklad, WI, USA) from gestational
day 1 until delivery, [3] those fed a LS diet during the ﬁrst (LS10 –
days 0–10 of gestation) half of gestation and a NS diet for the second
half of gestation, and [4] those fed a NS diet for the ﬁrst half of gestation
and a LS diet for second half of gestation (LS20 – days 11–21 of gesta-
tion). All diets had 25% protein content (Supplementary ﬁle - Table 1).
Body weight and food/water intake were evaluated at the ﬁrst day of
each week of gestation. The area under the curve (AUC) was calculated
for the analysis of maternal weight gain during the ﬁrst and third week
of gestation. During lactation, all dams received a NS diet.2.2. Offspring groups
Within the ﬁrst 24 h of birth, litters were culled to 10 offspring, and
any excess offspring were decapitated and had their organs excised.
Only male offspring were evaluated in this study. The mean body
weight of the offspring maintained for further evaluation was not dif-
ferent compared to that of the decapitated group. Trunk blood sam-
ples from the decapitated animals were pooled from the same litter
(n= 4–8/pool). Theweights of individual pupsweremeasuredweekly.
The offspring of all experimental groups were fed a NS diet from the
time of weaning until adulthood. The food and water intake were mea-
sured per cage once a week until the 20th week of age. Blood samples
from 12- and 20-week-old animals were collected from the tail vein
after six hours of fasting to measure the glucose, insulin, and Igf1 levels.
Afterwards, the animalswere decapitated, and their liver,muscle and all
white adipose tissue pads were removed, weighed, frozen in liquid ni-
trogen and stored at−80 °C until gene expression and DNA methyla-
tion analysis.
The adiposity index was expressed as the percentage of the sum of
all white adipose tissue pads (gonadal, mesenteric, inguinal and retro-
peritoneal) in relation to body weight.2.3. Hormones and biochemical assays
Glucose concentrations were determined using test strips analyzed
by a blood glucose meter (Accu-Chek Active, Roche Diagnóstica, São
Paulo, Brazil) with a detection limit of 10 to 600 mg/dL.
The serum levels of insulin were measured by radioimmunoassay
using rat-speciﬁc kits (Millipore Corporation, BillericaMA –USA, Rat In-
sulin Cat. # RI-13K). Serum Igf1 was measured by an immunoassay
method using micro beads conjugated to a speciﬁc antibody (Millipore
Corporation, Billerica MA – USA, Milliplex Rat/Mouse IGF1 Cat #
RMIGF18K; Luminex xMAP).2.4. Glucose tolerance test
A glucose tolerance test (GTT) was performed in conscious animals
of 12 and 20 weeks of age. For the GTTs, food was withdrawn 12 h be-
fore the start of the experiment and water was offered at will. Blood
samples were obtained from small incisions made at the tail tip. The
basal blood glucose was measured before the start of the experiment,
and a 20% glucose solution (1mL/kg bodyweight)was administered in-
traperitoneally. The blood glucose levels were determined 5, 15, 30, 60,
90 and 120 min after the glucose load was given.2.5. HOMA-IR
Insulin resistance was assessed by the previously validated homeo-
stasis model of assessment (HOMA-IR): [16]
HOMA-IR= fasting glucose (mmol/L) × fasting insulin (μU/mL)/22.5.2.6. Reverse transcriptase-quantitative polymerase-chain reaction
(qRT-PCR)
The total RNA was extracted from 50 mg of each tissue using Trizol
reagent (Invitrogen, California, USA) according to the manufacturer's
instructions. Real-time quantitative polymerase chain reactions were
performed using the Rotor-Gene SYBR Green PCR kit (Qiagen, Hilden,
Germany) according to the manufacturer's protocol. The 18S ribosomal
RNA was used as a control. All PCRs were performed in duplicate using
the Rotor-Gene Q 2 plex HRM (Qiagen, Hilden, Germany). Gene-
speciﬁc primer sequences are presented in Table 2 of the Supplemen-
tary ﬁles.
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Genomic DNA was isolated and puriﬁed from 25 mg of frozen liver
and muscle and 50 mg of frozen retroperitoneal adipose tissue using
the DNeasy Blood & Tissue Kit® (Qiagen, Hilden, Germany) according
to themanufacturer's protocol. DNAwasmodiﬁedwith sodiumbisulﬁte
to convert unmethylated cytosine to uracil using the Epitec Bisulﬁte
kit® (Qiagen, Hilden, Germany) according to the manufacturer's pro-
tocol. The degree of cytosine methylation (%) was determined by
pyrosequencing bisulﬁte-convertedDNAusing the PyroMark ID pyrose-
quencing system Q24 (Qiagen, Hilden, Germany). The best score pyro-
sequencing primers designed with PyroMark Assay Design were
chosen (see Table 3 of the Supplementary ﬁles). All PCR reactions, ex-
cept for that of Igf1r, were performed in 20 μL of solution containing
2 μL of 10X Accu Taq LA buffer, 1 μL of Jump Start REDAccu Taq LA
DNA polymerase (1 U/μL), 0.4Μl of 10 mM dNTPs, 1 μL of each primer
(5 μM) and 20 ng of bisulﬁte-converted DNA. The following reaction
conditions were used: [1] 95 °C for 3 min, [2] 95 °C for 30 s, [3] 5 °C
higher than the annealing temperature (Ins1, 66 °C; Ins2, 64 °C;
Insr, 63 °C; Igf1, 62 °C) for 30 s, [4] step 3 for 5 cycles, [5] annealing
temperatures (Ins1, 61 °C; Ins2, 59 °C; Insr, 58 °C; Igf1, 57 °C) for 30 s,
[6] step 5 for 45 cycles, 72 °C for 30 s and 72 °C for 5min. The Igf1r reac-
tion conditions were selected using the Gene Globe program (Qiagen,
California, USA), and the reactions were performed according to the
manufacturer's protocol (catalog number 978 746, Qiagen, California,
USA). The sequencing reactions used 15 μL of PCR product and 13 μL
of 0.3 μM speciﬁc sequencing primers and were run according to the
instrument manufacturer's protocols (Qiagen, California, USA). For
Igf1, the 5′-biotin modiﬁcation is on the forward primer, whereas for
Ins1, Ins2, Insr and Igf1r, the 5′-biotin modiﬁcation is on the reverse
primer.
2.8. Statistical analysis and calculations
The normality of the datawas analyzed by theKolmogorov–Smirnov
and/or the Shapiro–Wilk tests. For normally distributed variables, dif-
ferences between three or more groups were evaluated by one-way
analysis of variance followed by a post-hoc test. Two-way analysis of
variance followed by a Bonferroni post-hoc test was used to evaluate
theweight change in the offspring over time and the blood glucose dur-
ing the GTT. The area under the curve (AUC) was calculated for the GTT
andmaternalweight gain. A Pearson testwas performed to calculate the
correlation between the two variables. The results are expressed as the
mean± standard error of themean (SEM). A p value b0.05 was consid-
ered statistically signiﬁcant. The software used for the statistical analy-
ses was GraphPad Prism version 5.01 (GraphPad Software, Inc.,
California, USA).
3. Results
3.1. Maternal groups
No difference in body weight gain was observed among the experi-
mental groups in the ﬁrst week of gestation. Nevertheless, the AUC of
theweight gain (g.week−1) in the thirdweek of gestationwas impaired
by a low salt intake during this period because it was lower in the LS
(28 ± 2.3, n = 12) and LS20 (29 ± 1.9, n = 11) groups compared
with the NS (46 ± 2.1, n = 8) and LS10 (47 ± 3.5, n = 12) groups.
Food intake (g/week) was lower during the third week of gestation in
LS20 (132± 6, n= 17) compared to LS10 (165± 8, n= 13). No corre-
lation was found between the litter size and the maternal weight gain
during pregnancy (r = 0.12, p = 0.46). The litter size, male-to-female
ratio andwater intake were not inﬂuenced by the amount of salt intake
or the period of salt restriction during pregnancy. Althoughwater intake
was similar between groups, an increase in water consumption was
observed throughout pregnancy (Supplementary ﬁle - Table 4).3.2. Offspring groups
3.2.1. Newborns
Interestingly, the offspring with lower birth weight (g) (LS = 5.4 ±
0.07, n = 88 and LS20 = 5.3 ± 0.08, n = 60) compared to NS (6.6 ±
0.05, n = 65) and LS10 (6.6 ± 0.07, n = 77) were born from dams
with lower increase in their body weight during the third week of
gestation. This ﬁnding suggests that salt restriction during the second
half of pregnancy impairs weight gain during the third week of gesta-
tion as well as newborn birth weight. Crown-rump length (cm) was
also lower in the LS20 (4.8 ± 0.03, n = 40) animals than in the LS10
(5.0 ± 0.04, n = 44) and NS (5.02 ± 0.02, n = 48) animals. The
crown-rump length was also lower in the LS (4.9 ± 0.02, n = 66),
LS10 (5.0 ± 0.04, n = 44) and LS20 (4.8 ± 0.03, n = 40) animals
than in the NS animals.
In newborns, the serum IGF1was lower in the LS, LS10 and LS20 rats
compared to the NS rats, but this difference did not reach statistical
signiﬁcance.
Lower Igf1 gene expression levels were observed in the livers of LS,
LS10 and LS20 neonates comparedwith their NS counterparts (Table 3).
Reduced methylation was observed in the Ins1 and Igf1r genes in
the livers of the LS10 neonates relative to the NS neonates. Reduced
methylation in Ins2 and Insr was observed in the LS10 neonate livers
compared to the LS and NS neonates, respectively. Increased methyla-
tion was detected in Igf1 in the LS and LS20 neonates compared to the
NS and LS10 neonates (Table 4).
In the studied neonates, an inverse correlation (r = −0.82,
p b 0.0001) was observed between the Igf1 gene promoter methylation
and birthweight in all experimental groups (Fig. 2). Finally, a direct cor-
relation (r = 0.56, p = 0.0094) between the birth weight and serum
IGF1 levels was observed in the neonates (Fig. 2).
3.2.2. 12-week-old offspring
In the 12-week-old offspring, no differences were observed in the
bodyweights among the groups, indicating that a catch-up growth phe-
nomenon occurred during aging in the LS and LS20 offspring. No differ-
ences in food intake were observed in the groups from weaning to
12 weeks of age. The water intake in the LS20 offspring was higher
from the third week until the 12th week of age compared to the NS
and LS10 rats (Table 1).
The retroperitoneal white adipose tissue mass (WAT) in 12-week-
old LS offspring was higher in the NS and LS10 animals but not in the
LS20 offspring. The adiposity index was also higher in 12-week-old LS
rats than in the other groups. These alterations were independent of
food intake changes (Table 1).
The effect of a low prenatal salt environment on offspring insulin
resistance varied according to the period of salt restriction during preg-
nancy. TheHOMA-IR indexwashigher in 12-week-old LS rats compared
with NS rats (Table 2).
The area under the curve of the GTT blood glucose was higher in the
12-week-old LS rats than in the NS and LS20 rats (Fig. 1). Based on the
area under the curve of the GTT, the 12-week-old offspring developed
glucose intolerance in response to low salt intake during gestation
(Fig. 1).
In 12-week-old offspring, the serum IGF1was higher in the LS group
than in all other groups (Table 2).
3.2.3. 20-week-old offspring
In the 20-week-old offspring, a tendency for higher body weights
was detected in LS and LS20 offspring, though it did not reach statistical
signiﬁcance. No differences in food intake were observed among the
groups from 13 to 20weeks of age. The difference observed in water in-
take in the LS20 offspring in the 12th week of age, was not observed
from the 13th until the 20thweek of age, indicating that the changes ob-
served at any given time were not necessarily maintained throughout
evolution (Table 1).
Table 1
Food andwater intake evaluated once a week from the 3rd to the 12thweek of life and from the 13th to 20thweek of life. Bodyweight, adiposity index and retroperitoneal white adipose
tissue (RP-WAT) mass in the male adult offspring of dams fed a low-salt (LS) or normal-salt (NS) diet from the ﬁrst day of gestation until delivery or an LS diet during the ﬁrst (LS10) or
second half of gestation (LS20).
Group Age Food intake (g) n Water intake (mL) n Adult body weight (g) n Adiposity index (%) n RP-WAT (g/100 g) n
NS 12 weeks 1497 ± 18 26 1821 ± 40 26 393 ± 7 25 4.04 ± 0.36 6 0.86 ± 0.06 13
20 weeks 1960 ± 99 9 2552 ± 113 9 494 ± 12 9 4.32 ± 0.49 8 0.98 ± 0.17 8
LS 12 weeks 1516 ± 20 31 1966 ± 47 31 406 ± 7 34 6.01 ± 0.48b 7 1.37 ± 0.11a 23
20 weeks 1932 ± 35 6 2842 ± 117 6 521 ± 11 12 5.52 ± 0.60 10 1.42 ± 0.26 10
LS10 12 weeks 1545 ± 43 28 1942 ± 34 28 385 ± 5 31 4.15 ± 0.34 7 0.96 ± 0.08 18
20 weeks 1985 ± 100 6 2791 ± 224 6 475 ± 9 10 4.14 ± 0.21 9 0.78 ± 0.06 9
LS20 12 weeks 1503 ± 21 32 2116 ± 54a 32 402 ± 5 39 4.10 ± 0.47 9 1.12 ± 0.11 21
20 weeks 1813 ± 28 7 2747 ± 153 7 500 ± 13 14 5.29 ± 0.32 14 1.14 ± 0.11 14
Data are presented as the mean ± SEM. ap b 0.05 vs. NS and LS10, bp b 0.05 vs. NS, LS10 and LS20.
71F.R. Siqueira et al. / Physiology & Behavior 154 (2016) 68–75TheWAT in LS offspringwas higher than in the other groups, though
it did not reach statistical signiﬁcance. Similar tendency for higher adi-
posity index was also observed in LS rats, although it did not reach sta-
tistical signiﬁcance (Table 1).
The HOMA-IR indexwas higher in LS10 rats than in NS and LS20 rats
(Table 2). Interestingly, these results indicate that aging has a variable
inﬂuence on insulin resistance according to the period in pregnancy
during which the dams were fed a low-salt diet.
The area under the curve of the GTT blood glucose was higher in the
LS rats than in the NS rats. Based on the area under the curve of the GTT,
20-week-old offspring developed glucose intolerance in response to
low salt intake during gestation (Fig. 1).
No differences in the serum IGF1were found in the 20-week-old off-
spring (Table 2).
Higher Igf1 gene expression levelswere found in themuscles of LS20
rats compared to those of NS and LS rats, and higher Insr levels were de-
tected in the LS20 rats compared with rats of all other groups. No differ-
ences were observed in the Ins1 and Ins2 expression among the groups
in all ages and tissues (Table 3).
In the livers of male offspring, Ins1, Ins2 and Igf1r DNA methylation
was higher in LS20 than in all other groups (Table 4). In themuscles re-
duced methylation was observed in the Ins2 and Insr of the LS10 off-
spring relative to the NS and LS20 offspring. No differences in the gene
methylation were observed among groups in their white adipose tissue
(Table 4).
4. Discussion
Several interesting and new ﬁndings reported here contribute to a
better understanding of the effects of low salt intake during pregnancy
on the dams and on the phenotypes of their neonate and adult offspring.
First, our study revealed that the low birth weight observed in response
to low salt intake during pregnancy reported in previous studies [2,4,5]
was mainly due to salt restriction during the second half of pregnancyTable 2
Serum IGF1 and HOMA-IR in the male offspring of dams fed a low-salt (LS) or normal-salt (NS
second half of gestation (LS20).
Group Age Glucose (mg/dL) n Insulin (pmol/
NS Neonates 97 ± 4 42 179 ± 73
12 week-old 103 ± 1 20 407 ± 39
20 week-old 120 ± 2 8 231 ± 30
LS Neonates 88 ± 5 53 88 ± 5
12 week-old 110 ± 3 d 28 434 ± 17
20 week-old 133 ± 4 10 245 ± 51
LS10 Neonates 87 ± 3 51 116 ± 29
12 week-old 100 ± 2 23 443 ± 51
20 week-old 137 ± 3 b 9 395 ± 43 a
LS20 Neonates 116 ± 8 c 32 95 ± 12
12 week-old 97 ± 2 32 411 ± 39
20 week-old 121 ± 4 14 259 ± 40
Data are presented as the mean ± SEM. All measurements in the neonates, except for the gluc
ap b 0.05 vs. NS, bp b 0.05 vs. NS and LS20, cp b 0.05 vs. LS and LS10, dp b 0.05 vs. NS, LS10 andthat corresponds to the period of most rapid growth and differentia-
tion of key structures. Second, the fetal growth restriction, as noted
by the smaller crown-rump length at birth, was found to be an effect
of salt restriction during both the ﬁrst and second halves of pregnancy.
Third, glucose and insulin metabolism in the 12-week-old offspring
was inﬂuenced only by low salt intake throughout the whole course
of pregnancy. Fourth, the insulin resistance and glucose intolerance ob-
served only in the 20-week-old offspring is an effect of low salt intake
during the initial stages of pregnancy corresponding to the embryonic
phase of development in the rat and period of organogenesis. In addi-
tion, the present study also provides evidence that IGF1 in newborns is
modulated by epigenetic mechanism in response to low salt intake
during pregnancy. It might underlie the altered offspring phenotypes
in this model since growth and insulin sensitivity are modulated by he-
patic IGF-1 [17].
The experimental design of this study allowed identiﬁcation of the
period of pregnancy during which salt restriction induced alterations
in the dams as well as metabolic alterations in the offspring described
in previous studies from our group [2,5]. An additional interesting
ﬁnding of this study is that some of the observed alterations in the off-
spring induced by maternal low salt intake change along aging.
The lower weight gain observed in the third week of pregnancy in
dams fed low-salt diets during either the whole or the second half of
pregnancy cannot be explained by a lower food intake or a smaller litter
size because no differences were observed in these variables between
the experimental groups. It was reported that thematernal bodyweight
on day 19 of pregnancy showed no differences between the NS and LS
groups. However, the placental and fetal mass were lower in the salt
restricted compared to the normal and high salt fed dams [18]. This
ﬁnding supports the idea that the lower birth weight in the LS and
LS20 offspring was a consequence of the maternal environment. The
dams that were salt restricted during the second half of pregnancy
generated offspring with lower birth weights and body lengths. Unlike
fetal weight gain, fetal growth restriction as conﬁrmed by a smaller) diet from the ﬁrst day of gestation until delivery or an LS diet during the ﬁrst (LS10) or
L) n IGF1 (ng/mL) n HOMA-IR index n
4 6.14 ± 2.04 4 –
9 1235 ± 130 5 12.3 ± 2.0 10
8 1267 ± 145 7 10.6 ± 1.3 8
4 4.29 ± 0.74 6 –
10 2353 ± 377 b 5 24.5 ± 4.0 a 12
6 1640 ± 178 6 16.4 ± 2.2 4
5 4.48 ± 0.62 6 –
9 1530 ± 193 5 15.0 ± 2.0 10
6 1530 ± 213 8 20.3 ± 2.1 b 6
3 3.35 ± 1.44 4 –
10 1253 ± 149 5 17.4 ± 1.9 10
7 1230 ± 146 9 11.4 ± 2.0 7
ose determination, were performed in a pool of blood samples from 4 to 8 animals.
LS20.
Fig. 1. Glucose tolerance test (GTT) in 12- and 20-week-old offspring of dams fed a low-salt (LS) or normal-salt (NS) diet from the ﬁrst day of gestation until delivery or a LS during the
ﬁrst (LS10) or second (LS20) half of gestation. (A) GTT in 12-week-old offspring. (B) Area under the curve (AUC) in 12-week-old offspring. (C) GTT in 20-week-old offspring. (D) AUC in
20-week-old offspring. ap b 0.05 LS vs. NS, LS10 and LS20, bp b 0.05 LS vs. NS, cp b 0.05 LS vs. NS and LS20, dp b 0.05 LS and LS10 vs. LS20. Data are given as the mean ± SEM.
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both the ﬁrst and second halves of pregnancy.
The low birth weight observed in response to salt restriction in the
second half of pregnancy may be a response to several conditions,
such asmaternalmalnutrition,maternal hypoxia, lowuterine perfusion,
and impaired placental function. In a previous study, a low-salt diet dur-
ing pregnancy was not observed to compromise uterine perfusion [18].
Maternal undernutrition can be excluded based on an absence of food
intake differences between the experimental groups (Supplementary
ﬁle – Table 4). The low salt intake in the second half of pregnancyFig. 2. (A) Correlation between the serum IGF1 levels and the offspring birth weight. (B) Corre
birth weight of dams fed a low-salt (LS) or normal-salt (NS) diet from the ﬁrst day of gestati
Statistical analyses were performed using the Pearson correlation test.does not explain the low birth weight observed in the LS and LS20
offspring, as it has been previously reported that the salt content of
the low-salt diet is consistent with normal fetal development [19,20].
Further observations that suggest an adverse effect of gestational salt re-
striction on LS and LS20 offspring included tail necrosis, a higher ten-
dency of the dams to cannibalize their offspring and a higher rate of
stillbirth (data not shown).
Several studies have reported the adverse effects of a phenomenon
called catch-up growth [1,21,22]. Catch-up growth occurred in both
groups born with low body weights. Therefore, certain alterationslation between the percentage of DNA methylation in the Igf1 promoter and the offspring
on until delivery, or an LS diet during the ﬁrst (LS10) or second half of gestation (LS20).
Table 3
Gene expression (fold of 18S gene expression) of Ins1, Ins2, Insr and Igf1 in neonate and
20-week-old liver, muscle and retroperitoneal adipose tissue in the offspring of dams
fed a low-salt (LS) or normal-salt (NS) diet from the ﬁrst day of gestation until delivery
or an LS diet during the ﬁrst (LS10) or second half of gestation (LS20).
Group Age Tissue Ins1 Ins2 Insr Igf1
NS Neonates Liver ne 1.5 ± 0.4 1.1 ± 0.2 1.2 ± 0.1
20 week-old Liver ne ne 0.9 ± 0.1 0.9 ± 0.3
Muscle 2.1 ± 0.6 0.9 ± 0.3 1.1 ± 0.5 0.9 ± 0.4
WAT 1.7 ± 0.6 ne 1.6 ± 0.7 2.3 ± 0.8
LS Neonates Liver ne 1.6 ± 0.3 1.6 ± 0.2 0.5 ± 0.1a
20 week-old Liver ne ne 0.9 ± 0.1 0.9 ± 0.1
Muscle 7.7 ± 4.3 1.6 ± 0.4 0.6 ± 0.2 0.9 ± 0.1
WAT 1.0 ± 0.3 ne 1.5 ± 0.4 1.8 ± 0.4
LS10 Neonates Liver ne 0.6 ± 0.1 0.8 ± 0.3 0.3 ± 0.1a
20 week-old Liver ne ne 1.2 ± 0.2 0.9 ± 0.2
Muscle 2.3 ± 0.8 2.5 ± 0.7 1.3 ± 0.4 2.4 ± 0.4
WAT 5.1 ± 2.3 ne 2.2 ± 0.6 3.6 ± 0.9
LS20 Neonates Liver ne 0.9 ± 0.3 0.7 ± 0.2 0.3 ± 0.1a
20 week-old Liver ne ne 0.7 ± 0.1 0.6 ± 0.1
Muscle 2.9 ± 1.0 2.2 ± 0.2 4.3 ± 0.6c 3.4 ± 0.6b
WAT 3.1 ± 1.1 ne 1.9 ± 0.4 2.5 ± 0.6
The qRT-PCR results represent the average values obtained from duplicate samples in
ﬁve independent experiments, except for Igf1 in WAT (n = 4). Data are presented as the
mean± SEM. Valueswithin the columns that have letters as superscripts are signiﬁcantly
different (p b 0.05): ap b 0.05 vs. NS, bp b 0.05 vs. NS and LS, cp b 0.05 vs. NS, LS and LS10,
ne = not expressed.
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consequence of catch-up growth. The higher adiposity index observed
in the 12-week-old LS offspring could be a consequence of the catch-
up growth [23,24]. However, although LS20 also exhibited catch-up
growth, no increased adiposity index was observed in this group. An
explanation for this ﬁnding is that catch-up growth occurred rapidly
during the ﬁrst postnatal week in LS offspring and only later in LS20
offspring. These results are consistent with the previous study of Tosh
and co-workers that demonstrated that intrauterine growth-restricted
offspring by maternal food restriction had shown lower offspring body
weight, a delayed catch-up growth and absence of adult obesity. These
ﬁndings suggest that the slower growth rate of the offspring is a protec-
tive factor in the development of othermetabolic alterations, regardless
of the period of maternal insult [25].
Metabolic alterations in response to low salt intake during pregnan-
cy were observed in the offspring beginning soon after birth and lasting
until adulthood. The higher blood glucose levels in the LS20 neonates
comparedwith the LS and LS10 neonatesweremost likely due to insulin
resistance because the serum insulin was not different among theTable 4
Methylation status analyzedby thepyrosequencing of bisulﬁte-treated genomicDNA fromneon
dams fed a low-salt (LS) or normal-salt (NS) diet from the ﬁrst day of gestation until delivery
Group Age Tissue Ins1
NS Neonates Liver 10.2 ± 0.1
20 week-old Liver 9.4 ± 0.2
Muscle 6.9 ± 0.2
WAT 12.9 ± 1.6
LS Neonates Liver 10.3 ± 0.2
20 week-old Liver 8.7 ± 0.5
Muscle 6.1 ± 1.1
WAT 14.2 ± 1.9
LS10 Neonates Liver 8.6 ± 0.4c
20 week-old Liver 9.2 ± 0.2
Muscle 6.1 ± 1.6
WAT 13.4 ± 1.4
LS20 Neonates Liver 9.4 ± 0.6
20 week-old Liver 14.1 ± 2.2f
Muscle 7.8 ± 0.4
WAT 13.5 ± 1.1
The DNAmethylation results represent the average percentage of CpG sites obtained from four
Data are presented as themean± SEM. ap b 0.05 vs. NS, bp b 0.05 vs. LS, cp b 0.05 vs. NS and LS,
done.groups. An alternative explanation for the higher blood glucose seen
in the LS20 neonates is the corresponding presence of a higher hepatic
glycogen content. This higher hepatic glycogen store may be due to a
lower energy expenditure, similar to what was found in adult rats fed
with a low-salt diet [26]. This explanation is based on the knowledge
that fetal glucose is mainly obtained from the mother and fetal insulin
does not appear to be essential for maintaining euglycemia [27]. The
fetus begins to accumulate hepatic glycogen during the second half
of pregnancy. These glycogen stores are important in the period imme-
diately after birth, when the supply of glucose from the mother is
interrupted but lactation has not yet started, creating a fasting state in
the newborn. During this time, glucose must be rapidly generated
from endogenous sources, breaking the stocks of liver glycogen and be-
ginning the process of gluconeogenesis [28,29].
Based on the blood glucose and area under the curve of the glucose
tolerance test, 12- and 20-week-old offspring are glucose intolerant in
response to a low salt intake throughout gestation in rats. Thisﬁnding in-
dicates that some but not all phenotype alterations in the offspring are
a consequence of an insult that occurred only during whole gestation.
Based on the HOMA-IR results, insulin resistance was observed in
the 12-week-old LS offspring. This result conﬁrms the ﬁndings of our
previous work in this ﬁeld. Vidonho and co-workers [2] reported that
12-week-old male adult rats born from dams fed a low sodium diet
from before gestation until the end of lactation are insulin resistant.
However, insulin resistance was not observed in 20-week-old LS off-
spring indicating that changes in phenotype may occur during aging.
The development of insulin resistance in the LS20 offspring was not
observed, even though it was born with low body weight. This is an
evidence that slower catch-up growth is a protective factor to the off-
spring. In 20-week-old offspring, insulin resistance was only observed
in LS10. Further studies are therefore needed to determine if the ob-
served insulin resistance was linked to the smaller crown-rump length
observed in the LS10 newborns.
An interesting andnew result in thepregnancy salt restrictionmodel
provided an explanation for the low birth weight observed in some of
the experimental groups. The low birth weight may be due to lower
serum IGF1, as a positive correlation was detected between these two
parameters. A similar result was previously observed in a model of
protein during pregnancy [6,10] and intrauterine growth restriction
[17,25,30]. The variation in the IGF1 serum levelsmay be due to changes
in Igf1 gene promoter methylation, as an inverse correlation was ob-
served between both parameters. This concept is supported by in-
creased methylation (particularly of the promoter region of a gene)
that is often associated with reduced gene expression as observed inate livers, 20-week-old livers,muscle and retroperitoneal adipose tissues in the offspring of
or a LS during the ﬁrst (LS10) or second (LS20) half of gestation.
Ins2 Insr Igf1 Igf1r
5.6 ± 0.1 5.6 ± 0.2 16.8 ± 0.9 2.8 ± 0.1
6.3 ± 0.1 6.1 ± 0.1 8.0 ± 0.4 4.9 ± 0.2
9.9 ± 0.7 11.1 ± 0.6 nd nd
9.6 ± 1.0 9.2 ± 1.2 nd nd
5.8 ± 0.1 5.5 ± 0.1 28.2 ± 1.0e 2.6 ± 0.2
6.8 ± 0.6 5.5 ± 0.4 7.0 ± 0.1 4.7 ± 0.1
7.5 ± 1.4 8.1 ± 1.8 nd nd
9.6 ± 1.2 9.7 ± 1.4 nd nd
4.5 ± 0.1b 4.6 ± 0.2a 16.2 ± 1.1 2.0 ± 0.2c
6.0 ± 0.2 6.0 ± 0.3 7.3 ± 0.3 4.7 ± 0.2
5.4 ± 1.2d 5.8 ± 1.1d nd nd
9.3 ± 0.9 9.3 ± 1.1 nd nd
5.6 ± 0.6 5.0 ± 0.4 23.1 ± 2.0e 2.4 ± 0.2
10.9 ± 2.2f 7.6 ± 1.0 9.7 ± 1.3 6.7 ± 0.9f
10.8 ± 0.9 10.7 ± 0.3 nd nd
9.7 ± 0.5 10.4 ± 0.5 nd nd
or ﬁve independent experiments, with the exception of Igfr in the LS10 neonates (n= 7).
dp b 0.05 vs. NS and LS20, ep b 0.05 vs. NS and LS10, fp b 0.05 vs. NS, LS and LS10, nd= not
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characterized by increase of methylation [17,25].
The results of gene expression and gene promoter methylation re-
vealed two features. First, DNAmethylation patterns are not immutable
and can be modiﬁed early or late in the course of intrauterine develop-
ment or throughout lifetime. Suchmodiﬁcationsmay bedue to environ-
mental stimuli or the cessation of a stimulus that occurred during the
early stages of life. Second, the methylation of some of the gene pro-
moters evaluated in the neonates revealed decreased expression levels
in the LS10 group. This may be an indication of low salt intake during
the early stages of pregnancy, when organogenesis is occurring and in-
ﬂuences the establishment and maintenance of epigenetic marks and
may be related to alterations in tissue-speciﬁc development.
The observed absence of Ins1 and Ins2 gene expression in the livers
of adult offspring in the present study is consistent with previous
ﬁndings by Murakami-Kawaguchi et al. [31]. These investigators also
failed to detect Ins1 and Ins2 gene expression in the livers of mouse
neonates [31]. In contrast, in the present study, Ins2 gene expression
was detected in the livers of neonate rats. This difference may be due
to differences between species.
In conclusion, the present study revealed that alterations in insulin
resistance in adult offspring of dams fed low-salt-diet during pregnan-
cy are related to the timing of this insult and the age of the offspring. In
addition, glucose intolerance in adult offspring was observed only
when a low-salt diet was offered throughout the whole pregnancy.
Low birth weight is an effect of low salt intake only in the second half
of pregnancy. Interestingly, alteration in the crown-rump length is a
possible predictor of metabolic alterations in the offspring and the de-
layed catch-up growth prevented persistent epigenetic changes. A low
birth weight is related to low Igf1 expression and high Igf1methylation
levels induced by low salt intake during pregnancy. Finally, it was
demonstrated that the methylation of several promoters changed as
the offspring aged indicating that epigenetic changes can occur and
can be reversed during postnatal life. Finally, further studies are needed
to conﬁrm or not if the observed results are reproducible in human be-
ings in order to recommend dietary salt consumption levels during
pregnancy.
Conﬂict of interest
The authors report that they have no conﬂicts of interest.
Funding
This work was supported by grants from the Fundação de Amparo à
Pesquisa do Estado de São Paulo (São Paulo State Research Foundation –
grant number 2013/00104-0). FRS was a recipient of a scholarship from
CAPES.
Author Contributions
F.R.S, L.N.S.F. and J.C.H. conceived of and designed the research;
F.R.S., L.N.S.F and I.B.O performed the experiments; F.R.S. analyzed the
data; F.R.S. and J.C.H. interpreted the experimental results; F.R.S. pre-
pared the ﬁgures; F.R.S. and J.C.H. drafted the manuscript; F.R.S and
J.C.H. edited and revised the manuscript. All authors read and approved
the ﬁnal version of the manuscript.
Acknowledgments
We thank Walter Campestre for the care and management of the
animals. We also thank Prof. Mario Hirata and Dr. Paula Helena Lima
from the Molecular Biology Laboratory of the São Paulo State Dante
Pazzanese Institute of Cardiology for allowing us to use their pyrose-
quencing instrument. We are grateful to Prof. Lester Kobzik from the
Harvard School of Public Health for kindly sharing his laboratory forteaching and training us in the pyrosequencing technique. We are
grateful to PhuongSon Nguyen for his expert technical assistance.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.physbeh.2015.11.013.
References
[1] J.C. Jimenez-Chillaron, M. Hernandez-Valencia, A. Lightner, R.R. Faucette, C. Reamer,
R. Przybyla, S. Ruest, K. Barry, J.P. Otis, M.E. Patti, Reductions in caloric intake and
early postnatal growth prevent glucose intolerance and obesity associated with
low birth weight, Diabetologia 49 (2006) 1974–1984.
[2] A.F. Vidonho Jr., A.A. da Silva, S. Catanozi, J.C. Rocha, A. Beutel, B.A. Carillo, L.N.
Furukawa, R.R. Campos, C.M. de Toledo Bergamaschi, A.R. Carpinelli, et al., Perinatal
salt restriction: a new pathway to programming insulin resistance and dyslipidemia
in adult wistar rats, Pediatr. Res. 56 (2004) 842–848.
[3] A.A. da Silva, I.L. de Noronha, I.B. de Oliveira, D.M. Malheiros, J.C. Heimann, Renin-
angiotensin system function and blood pressure in adult rats after perinatal salt
overload, Nutr. Metab. Cardiovasc. Dis. 13 (2003) 133–139.
[4] E.N. Alves-Rodrigues, M.M. Veras, K.T. Rosa, I. de Castro, L.N. Furukawa, I.B. Oliveira,
R.M. Souza, J.C. Heimann, Salt intake during pregnancy alters offspring's myocardial
structure, Nutr. Metab. Cardiovasc. Dis. 23 (2013) 481–486.
[5] K.L. Lopes, L.N. Furukawa, I.B. de Oliveira, M.S. Dolnikoff, J.C. Heimann, Perinatal salt
restriction: a new pathway to programming adiposity indices in adult femaleWistar
rats, Life Sci. 82 (2008) 728–732.
[6] P.D. Gluckman, Clinical review 68: the endocrine regulation of fetal growth in late
gestation: the role of insulin-like growth factors, J. Clin. Endocrinol. Metab. 80
(1995) 1047–1050.
[7] Q. Qiu, A. Basak, M. Mbikay, B.K. Tsang, A. Gruslin, Role of pro-IGF-II processing by
proprotein convertase 4 in human placental development, Proc. Natl. Acad. Sci. U.
S. A. 102 (2005) 11047–11052.
[8] A.L. Fowden, The insulin-like growth factors and feto-placental growth, Placenta 8-9
(2003) 803–812.
[9] J. Baker, J.P. Liu, E.J. Robertson, A. Efstratiadis, Role of insulin-like growth factors in
embryonic and postnatal growth, Cell 75 (1993) 73–82.
[10] P.D. Gluckman, J.E. Harding, Fetal growth retardation: underlying endocrine
mechanisms and postnatal consequences, Acta Paediatr. Suppl. 422 (1997) 69–72.
[11] J.F. Habener, D.M. Kemp, M.K. Thomas, Minireview: transcriptional regulation in
pancreatic development, Endocrinology 146 (3) (2005) 1025–1034.
[12] I. Bogdarina, S.Welham, P.J. King, S.P. Burns, A.J. Clark, Epigeneticmodiﬁcation of the
renin–angiotensin system in the fetal programming of hypertension, Circ. Res. 100
(4) (2007) 520–526.
[13] Y. Ding, J. Lv, C. Mao, H. Zhang, A.Wang, L. Zhu, et al., High-salt diet during pregnan-
cy and angiotensin-related cardiac changes, J. Hypertens. 28 (2010) 1290–1297.
[14] K.A. Lillycrop, E.S. Phillips, A.A. Jackson, M.A. Hanson, G.C. Burdge, Dietary protein
restriction of pregnant rats induces and folic acid supplementation prevents epige-
netic modiﬁcation of hepatic gene expression in the offspring, J. Nutr. 135 (6)
(2005) 1382–1386.
[15] R.L. Jirtle, M.K. Skinner, Environmental epigenomics and disease susceptibility, Nat.
Rev. Genet. 8 (4) (2007) 253–262.
[16] D.R. Matthews, J.P. Hosker, A.S. Rudenski, B.A. Naylor, D.F. Treacher, R.C. Turner,
Homeostasis model assessment: insulin resistance and beta-cell function from
fasting plasma glucose and insulin concentrations in man, Diabetologia 28 (1985)
412–419.
[17] Q. Fu, X. Yu, C.W. Callaway, R.H. Lane, R.A. McKnight, Epigenetics: intrauterine
growth retardation (IUGR) modiﬁes the histone code along the rat hepatic IGF-1
gene, FASEB J. 23 (8) (2009) 2438–2449.
[18] S.M. Leandro, L.N. Furukawa, M.H. Shimizu, D.E. Casarini, A.C. Seguro, G. Patriarca,
M.S. Coelho, M.S. Dolnikoff, J.C. Heimann, Low birth weight in response to salt
restriction during pregnancy is not due to alterations in uterine-placental blood
ﬂow or the placental and peripheral renin–angiotensin system, Physiol. Behav. 95
(2008) 145–151.
[19] M.C. Ganguli, J.D. Smith, L.E. Hanson, Sodium metabolism and its requirement
during reproduction in female rats, J. Nutr. 99 (1969) 25–34.
[20] E. Bird, R.J. Contreras, Maternal dietary NaCl intakes inﬂuences weanling rats salt
preferences without affecting taste nerve responsiveness, Dev. Psychobiol. 20
(1987) 111–130.
[21] R.R. Huxley, A.W. Shiell, C.M. Law, The role of the size at birth and post natal catch-
up growth in determining systolic blood pressure: a systematic review of the liter-
ature, J. Hypertens. 18 (2000) 815–831.
[22] B.S. Muhlhausler, J.A. Dufﬁeld, S.E. Ozanne, C. Pilgrim, N. Turner, J.L. Morrison, I.C.
McMillen, The transition from fetal growth restriction to accelerated postnatal
growth: a potential role for insulin signaling in skeletal muscle, J. Physiol. 587
(2009) 4199–4211.
[23] M. Granado, F. Diaz, E. Fuente-Martín, C. García-Cáceres, J. Argente, J.A. Chowen, The
metabolic response to postnatal leptin in rats varies with age and may be litter
dependent, Horm. Metab. Res. 46 (2014) 462–470.
[24] M.H. Vickers, P.D. Gluckman, A.H. Coveny, P.L. Hofman, W.S. Cutﬁeld, A. Gertler, B.H.
Breier, M. Harris, The effect of neonatal leptin treatment on postnatal weight gain in
male rats is dependent on maternal nutritional status during pregnancy, Endocri-
nology 149 (2008) 1906–1913.
75F.R. Siqueira et al. / Physiology & Behavior 154 (2016) 68–75[25] D.N. Tosh, Q. Fu, C.W. Callaway, R.A. McKnight, I.C. McMillen,M.G. Ross, R.H. Lane,M.
Desai, Epigenetics of programmed obesity: alteration in IUGR rat hepatic IGF1
mRNA expression and histone structure in rapid vs. delayed postnatal catch-up
growth, Am. J. Physiol. Gastrointest. Liver Physiol. 299 (5) (2010) G1023–G1029.
[26] M.S. Coelho, M.D. Passadore, A.L. Gasparetti, T. Bibancos, P.O. Prada, L.L. Furukawa,
L.N. Furukawa, R.T. Fukui, D.E. Casarini, M.J. Saad, et al., High- or low-salt diet
from weaning to adulthood: effect on body weight, food intake and energy balance
in rats, Nutr. Metab. Cardiovasc. Dis. 16 (2006) 148–155.
[27] L. Liang, W.H. Guo, D.R. Esquiliano, M. Asai, S. Rodriguez, J. Giraud, J.A. Kushner, M.F.
White, M.F. Lopez, Insulin-like growth factor 2 and the insulin receptor, but not in-
sulin, regulate fetal hepatic glycogen synthesis, Endocrinology 151 (2010) 741–747.[28] R.N. Margolis, D. Seminara, Glycogen metabolism in late gestation in fetuses of ma-
ternal diabetic rats, Biol. Neonate 54 (1988) 133–143.
[29] M.F. Lopez, P. Dikkes, D. Zurakowski, L. Villa-Komaroff, J. Majzoub, Regulation of
hepatic glycogen in the insulin-like growth factor-deﬁcient mouse, Endocrinology
140 (1999) 1442–1448.
[30] D.J. Carr, J.S. Milne, R.P. Aitken, C.L. Adam, J.M. Wallace, Hepatic IGF1 DNA methyla-
tion is inﬂuenced by gender but not by intrauterine growth restriction in the young
lamb, J. Dev. Orig. Health. Dis. 6 (2015) 558–572.
[31] S. Murakami-Kawaguchi, S. Takasawa, T. Onogawa, K. Nata, A. Itaya-Hironaka, S.
Sakuramoto-Tsuchida, A. Yamauchi, H. Ota, M. Takeda, M. Kato, et al., Expression
of Ins1 and Ins2 genes in mouse fetal liver, Cell Tissue Res. 355 (2014) 303–314.
